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Physics Landscape

e All data consistent with Standard Model - but it's incomplete

- dark matter; neutrino masses and mixing -> new fields or interactions;

baryon asymmetry -> more CP violation

e Theoretical questions

- The issue of naturalness and the origin of mass;
|.,l2 (PTD) + A (PTD)2 + F.‘jLPiLJrl.IJJ'RCD + h.c.

X N

Mu2/MZpianck = 10734 vacuum large range of
Hierarchy problem  stability fermion masses

- gauge unification -> new interactions;
- gravity: strings and extra dimensions

e Experimental hints for new physics
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LHC online
Js=14TeV pp

Luminosity - 103%cm2 sec™
ATLAS, CMS, LHCb, ALICE

Crossroad In Theoretical Physics

Existing facilities in 2025:

- LHC with luminosity or energy upgrade

Options:

- low energy lepton collider:
(500 GeV) (upgradable) or
muon collider - Higgs Factory

- lepton collider in the multi-TeV range:
CLIC or muon collider

- hadron collider in hundred TeV range:

VLHC

High energy lepton collider required for

IL

\

SUSY

SUGRA, gauge or
anomaly mediated
SUSY Breaking?

MSSM, NMSSM,
Split SUSY

R parity violation?

SM extensions

two Higgs
doublets
Higgs triplets
Higgs singlets

new weak gauge
interactions

new fermions

New Dynamics

Technicolor, ETC,
walking TC

topcolor
little Higgs models

compositeness

unparticles

full study of Terascale physics.

Estia Eichten

Extra
Dimensions

Gravity
Randall-Sundrum
Universal ED

KK modes

w
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# A Muon Collider

e p*p- Collider:

- Center of Mass energy: 15 -5 TeV (focus 3 TeV)

- Luminosity > 103* cm™ sec! ( focus 400 fb™! per year)
e Compact facility
e Superb Energy Resolution

- MC: 95% luminosity in dE/E ~ 0.1%
CLIC: 35% luminosity in dE/E ~ 1%

CLIC Curves: Lucie Linssen, SPC, 15/6/2009

Viadimir Shiltsev
0.20 . . . . . . . . . -
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Path to Muon Collider Facility

[J A flexible scenario with physics at each stage:

- Neutrino factory v

MUON COLLIDER
TEST FACILITY

8 GeV SC Linac

0

Recycler Main Injector

2

Rebunch R&D Hall
O D‘an Cool

PROJECT X

Kaon physics

O

EXISTING FACILITIES

1.5 TeV

MUON COLLIDER

Neutrino beams to DUSEL

U -> e conversion

cold muons

4 TeV

MUON COLLIDER

- Muon collider - Higgs factory v
- Multi-TeV Muon Collider v
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Target Phase Rot. ‘\

Muon
Collider

NEUTRINO
FACTORY
PROJECT

Pre-Accel C RLA

& Bunch

4

6D Cooling

Final Cooling

Muon Acc

O—Oo—o:unnn<: 8 :/

Collider Ring

T

GeV

4 GeV

3 Ring

oA

5 More Acc
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b
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Far Detector
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Neutrino Physics

e SM |ep‘|‘0n51 L. = < t:i > L, = (:li > L= <:i > RG,H,T — €R, MR, TR
L L L

No Vr needed. Singlet under SU(3).XSU(2).xU(1)y
Lepton number conserved.

Simple two flavor (x,B)

e Observation of neutrino flavor mixing case: with mass
drastically changes the picture eigenstates (i,j)
Vo = vicosl + 1v;sin0
e Flavor mixing = neutrino masses vp = —visinf + v;cosl
- Solar neutrinos Po—p = sin® 20sin® (Am*L/4E)
- Atmospheric neutrinos Oscillation probability (P) for

energy (E) and distance (L)
AmZ . << AmZ

solar

(o)
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Theoretical Issues

. e E— (1)’
e Normal or Inverted Mass Hierarchy?

(mz)z_Z
(Am7),,

(ml)z__

e Majorana or Dirac particles?

(Am),

| v, (Amz)alm
- Majorana: no ¥ r - mass tferm violates lepton number ol
_  =c
conservation Limass = vpMpyy +hec. o el
vy T vy _wI (m,) (m,)” e— —
- DIr‘ac: Y R ['mass = U M U —I— h,C_ normal hierarchy inverted hierarchy
R R
D D
. . . 0 M ) 0 M ML M \\\\ /////
M Pure Dirac: (MT 0 > Seesaw: (I) ( A MR) (II) < At MR> s -
. . (D)*
Does v r have new gauge interactions?

m, — )\0
. .. . Pontecorvo-Maki-Nakagawa-Sakata Matrix
e Three generation mixing matrix: PMNS °

Three angles: 0i2, 623, 013  CP phases: d(Dirac) (&,B,5)(Majorana)

Vel,

V1L, U Ue Ues V1L The additional Majorana CP phases appear
v, | =Upans | vor | = | Un Up U Vot in lepton number violating interactions:
eg. neutrinoless double beta decay.
VL %19 Ui U2 Usrs %19

1 13 s13e” % c12 812 _ .
Upnns = C23 523 1 —512 €12 diag(1, /2, eih/2)
—S23 €23 —s13€% 1

C13

cij= cos(0y) sij= sin(0y)
S
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Present status

Experimental Status

P(U, — 1)

11— COS4 913 SiIl2 2912 SiIl2 Agl

— sin? 2913(COS2 612 sin” Asq + sin? 615 sin® Ass)

Y
Y

/

1 — sin? 263 sin? (

om?, L
1F

Daya Bay sensitivity = 0.01

Estia Eichten

< 0.002
rd

— O(Agl)Q

T. Schwetz, M. Tortola and J. Valle
[arXiv:0808.2016v3] update

parameter best fit 20 30
5 5 5 023 KamLAND 20 [ T T T I T T T
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e Appearance

- Nova and T2K

Long Baseline Experiments

P(”M - Ve) ~ | V Patme_i(Ami(s) + v Psola’r”2

- Index of refraction in matter: a = GgN./J/2 = (4000 km)™

where

AV Patm = sin 923 sin 2(913 |:

ILJAR
A31 sin(aL + Agl)

(CLL + A31>

Aoy sin(al
\/ Pso] = €08 93 8in 2604 [ 2 8in(a )}

al

- The interference term is the only ferm that depends on CP phase 0; also the only
term that differs for neutrino/antineutrino beside the matter effects.

Resolving the
mass ordering.

inverted order
(0 »>m-0)

- Complicated to disentangle 013, 0 and mass ordering

Estia Eichten

S (m)

[ NOvA+T2K. .

[ L=810km,15kT -
[ Am,2=24107V?
[ sin“(20,) =1 :

3 years for each v and v
NOVA at 700 kW,
1.2MW, and 2.3MW

+ T2K 6 years of v

at nominal, x2, and x4

A 1 |

I0.05‘ = I0,1 — ‘0.15
2 sin%(0,,) Sin%(26,,)

Normal Ordering

— 2 F G -
E [ NOVA 4 ‘,-i" V
©w g _
16 Amg,2=2.4107 oV}
L sin“(20,.,) =1
14 [ %
[ NOvVA 3 years
12 - at 700 kW
L foreach v and v
1 r + T2K 6 years
[ Am?>0
08 Am?<0
06
04 |
02 [ ! CA
0 Lol v A /I? A R
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.2 .2
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|
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Neutrino Factory

. 9 Models with Normal Hierarchy Models with Inverted Hierarchy
e No theory for the value of sin“60z ...
e Neutrino factory: b, Z ﬁ% w5, 1
) 2 s s 2.l |mm sou i
- Muon storage ring: E = 25 GeV g = _ | : %
- Long straight sections £ - / .
. . . 21 z " Frcege Z ?//
- High intensity: 10 muon decays /yr i} e : !
[ } Discover'y r‘eaCh for‘ var'ious pr‘opos ot ;).00;. (;.;).1 0.1 0 e05 0.0001 0.001 .(;.:).1" : 0.1
ISS Physics Working Group [arXiv:0710.4947]
sin?20;3 mass hierarchy cPV
1 1 1
© os 0.8 08
N EEmSPL
CIT2HK
f 0.6 0.6 0.6 [ VBB
o INF
[—1BB
[ -
S 04 0.4 0.4
-+
S
& 02 0.2 0.2
O 0 } 0 GLoBES 2006
107° 107 1072 1072 10" 10°° 107 1072 1072 10" 10° 107 1073 1072 1071
True value of sin22913 True value of sin22613 True value of sin22613
Very likely a Neutrino Factory will be needed to provide detailed
measurements of 013, the mass hierarchy and the CPV parameter 0.
[ 10
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e For /Js<500 GeV
- SM threshold region: top pairs; W*W-; Z°Z°% Z°h; ...
e For J/s>500 GeV

- For SM pair production (| 6| > 10°)

oqep(p p” —efe) =

R=0/0qen(t* it ->e'e’) ~ flat
Ara?
38

- High luminosity required

Muon Collider Basics

86.8 b

EVENTS per unit R
=

[N
QH

-
o
FS

w

/
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e
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e
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s(TeV?)

Vs=30TeV L =
— 100 b~ 'year?

= 965 events/unit of R
Processes with R 2 0.1 can be studied

Total - 540 K SM events per year

MAP Review @ Fermilab

Standard Model Cross Sections

o (fb)
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Muon Collider Basics
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CLIC (or MC e<->[)

e For /s>1 TeV - Fusion Processes g "
o : L vvZ
- I 1 E T
Large cr'oss. sections ~ |
- Increase with s. : &("f S So
- Important at multi-Tev energies SN g s o é’i‘ﬁ%zog
- X S 10'2: / x\\\“iQ:iH ot
W = e
* Backgrounds for SUSY processes ¥y bb |
L L1 B e el /A
* t-channel processes sensitive to angular cuts " £7 e )
-l AT T 5 22‘-
i — ce
' T izzz
10 £l
1 2 3 I 4 I 5 6
Ecm (TeV)
S
O'(S) = CIH(W) <+ ..
X
_|_ —
M Vi
e An Electroweak Boson Collider
L 12
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- Minimum Luminosity for Muon Collider

[J  Universal behavior for s-channel resonance B Iy P
() = 2J +1 4 T2 /4 . 0% | [ves) 2
T T 28 ¥ 1) (282 + 1) k2 | (E — Eo)2 + T2/4 ] in“out ol N
Convolute with beam resolution AE. R |
If AE< [ B 1) Blvisible) 0 F i \“-‘%
whp visible g Ly ffirees ]
Rpeak = (2J —+ 1)3 5 i L N
AEM -
-17 | | | \\\‘ | | | \\\‘
] can use to set minimum required luminosity " , 0 10°

Vs [GeV]

e Likely new physics candidates:
- scalars: h, H°, AC,... 100.0¢
- gauge bosons: Z’ 50.01
- new dynamics: bound states
- ED: KK modes

10.0¢

® Example - new gauge boson: Z’ 5.0f

- SSM, E6, LRM
- 50 discovery limits: 4-5 TeV
at LHC (@ 300 fb™)

1.0¢

051

Integrated Luminosity (pb™)

0.1 : : : :
Minimum luminosity at Z’ peak: ! ? 2 * ° 6

£ =0.5-5.0 x 103 cm2 sec . % mass (TeV)
. . The integrated luminosity required to produce

for M(Z’) -> 1.5-5.0 TeV 1000 p*p--> Z’ events on the peak

[ 131
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e SM Higgs constraints:
LEP mn > 1147 GeV (95% CL)

Direct:

CDF/DO my <158 or > 175 GeV (95% CL)
Indirect: LEP/SLC mu < 190 GeV (95% CL) 1

Combined: Gfitter

114.6 < mp < 151.8 GeV (2 0)

Higgs Boson

Tevatron Run Il Preliminary, L < 6.7 fo

xz
o

TTT

% CL |

e Higgs discovery LHC -> - Higgs boson couplings?

e For low energy muon collider

- s-channel Higgs production

Coupling to lepton mass:

Narrow width:

Direct Higgs width measurement:

Estia Eichten

4% LEP Exclusion Tevatron 3 5 T T
2 10 — Exclusion| & 2 I / 4
ETF === Observed ,/ F 5 . el fitter ] |
2 P o H ! // EN
(\?, : ? I ;3‘\ /\’/
n | 6 i ’l :g,:\vl ]
@ 1 E
4 [ 3 124
v 2 :_ . ,\/I g —- 8% =-2In(Q) _:
100 110120 130 120 150160 170 180 190 200 oF -15°-v“‘1'- DN ‘3’000
mH(GeV/cz) M, [GeV]
- Higgs self-couplings?
- Any additions scalars? EW doublets, triplets or singlets?
- Where's the next scale?
-
1 25 F o PYTHIAGI20 ++
2 2 .Fitted,lOpbllpoint+++ ,,,,,,,,,,,,,,,, A
8 E 3 ) 3 :
N I e o
[—]" =428 x 10 * o B Y| I .
my = 120 GeV — I' = 3.6 MeV . jf T ek odeml
N H """ +\ """ L j
10998  109.99 110 11001 11002 110.03
-1 2 x beam energy, GeV/c?
ABE/E 2~ 0.003% and 100 pb
14
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Higgs Boson

Various processes available for studying
the Higgs at a multi-TeV muon collider

- associated production: Zh°

» R~0.12

» search for invisible h® decays

- Higgsstrahlung: tth°

m(H) = 120 GeV

o(u*u -> v vhOh) (fb1)

Evts./5ab’

/
/

eV

H —> uu”

N
I
|

S/

va = 3 TeV

4
4

R~0.01

needs 10 ab’!

measure top coupling

- W*W* fusion (mn =120 GeV)
R~11sIn(s) (sin TeV?)
» vV h®h% measure Higgs self couplings

> vuvy h:

1 |
140 15D

161 o
prpT Mass (GeW) 10

/ CL S
NSV

MC or CLIC:

rl By lnen ndl nnen lbn
220 240 260 280

M,, (GeV)

ndlnna lbnnen lbnn ndlnn ndlbn o
120 140 160 180 200

good benchmark process

e Two Higgs Doublet Model (MSSM)

- ho, HO, Ao, H

- Decoupling limit: Ma >> Mz

h couplings near SM Higgs values

o [pb]

9 E T T T
wtp= —bb
MSSM

Dittmaier and Kaiser

[hep-ph/0203120]

L5

—

H°, A%, H* masses nearly degerate

- Precise energy resolution needed to resolve H°, A° states

Estia Eichten

0.5

***** Born
—— Born + elmg. + QCD
------ Born + elmg.

| | | | |

398

399 400 401 402 403

Vs [GeV]
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Supersymmetry

e Supersymmetry ou

- Couplings of sparticles determined by symmetry.
Masses depend on SUSY breaking mechanism. 0

- TIf discovered at LHC -> 20

- What is the spectrum of superpartner masses?

- Dark matter candidates?

- Are all the couplings correct?

- What is the structure of flavor mixing interactions?
- Are there additional CP violating interactions?

- Is R parity violated?

- What is the mass scale at which SUSY is restored?
- What is the mechanism of SUSY breaking?

\III}IIHII}II\I

S
=
|||1|‘>|\| IHllTIII‘IIH

|I\[Itl

b) MSSM—2HD -

1 l 11 { [ ' L] ‘l [ f 1

103 108 109 101% 101
Q (GeV)

D
)
(TTTT
L)

e cMSSM [Constrained Minimal Supersymmetric Standard Model]
- Five parameters: mo, my/2, tan 8, A/mo, sign( )

- Direct limit (LEP, CDF, Dzero): TR0, Mg+, TN, ...

Electroweak precision observables (EWPO): M, sin® 05y, (9 — 2) s -
B physics observables (BPQO): b — s+, BR(Bs — u"pu”), ...

Cold dark matter (CDM): Qpuy = .23 £.04

- Experimental constraints

- Allowed regions are narrow filaments in parameter space

L 16
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Supersymmetry

® The combination of the LHC and a multiTeV lepton collider is required to
fully study the SUSY spectrum.

2004 CLIC study SUSY reach

cMSSM

=== gluino

Nb. of Observable Particles
=88

30
20
10

== squarks

=== sleptons

Post-WMAP Benchmarks

LHC

LBGICJHMAEFKD

LC1.0 TeV

LBGICJHMAEFKD

3 CLIC 3 TeV

0 LBGICJHMAEFKD

30 F

30 B

20
10

30 B

20
10

Similar Conclusion for MC

LC 0.5 TeV

g |I|!|!|!|ﬁ|ﬁ|ﬁlnlllﬁ|ﬁln
LBGICJHMAEFKD

LHC+LC1TeV

LBGICJHMAEFKD

CLICSTeV

0 LBGICJHMAEFKD

Anupama Atre, Low Emittance Muon
Collider Workshop, Fermilab, April 2008

Allowed regions and sample points

¥
1500 ———E i

u>0
M

S 7/
E 10004 #
~ ~

> ~

£ /

s
L
J
r - 4‘(/H’
+& =
B *Fc"f/
100 ‘ 1000 ‘ 2000 2500
my;, (GeV)
1500
u<0

>
> 1000-]
&)
=

>
g

T T
1000 2000

my, (GeV)

100 2500

- Alfernate supersymmetry breaking schemes (mMGMSB, mAMSB)
also require multiTeV lepton collider.

S. Heinemeyer, X. Miao, S. Su, G. Wieglein [arXiv:0805.2359]

e Supersymmetry provides a strong case for a multiTeV muon collider

[
MAP Review @ Fermilab
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New Strong Dynamics
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® A new strong interaction at the TeV scale CLIC - D-BESS model (resolution 13 GeV)

- What is the spectrum of low-lying states?
- What is the ultraviolet completion?
- Any new insight into fermion flavor mixing and CP violation? , ...

Technicolor, ETC, Walking TC, Topcolor, ...

- Technipions - s channel production (Higgs like)
- Technirhos - Nearby resonances (pr,wr)

- Need fine energy resolution of muon collider.

e New contact interaction: Composite quarks
A - -
£ = 15 (PTT)(Ir'D)

- Both MC and CLIC probe scales A > 200 TeV

Muon Collider Study
E.Eichten, S.”Keller, [arXiv:hep-ph/9801258]

- MC - forward cone cut | 0 | > 20° little effect on limits
- Polarization useful to disentangle chiral nature of
intferaction. good benchmark processes

2900 2050 3000 3050 3100 3150 2000 2950 3000 3050 3100 3150

ECm (GeV) . Ecm (GeV)
-1 - B
lab", P=0.8, e'e—u'u
AP/P=0.5%
CLIC(3 TeV): P,=0.6, Asys=0.5%, AL=0.5% N
LC (ITeV): P,=0.6, Asys=0.2%, AL=0.5% [ |

A0
Vo

A

v T smm I i

LR

RL

RR CLIC STUdy
LL

0 100 200 300
[TeV]
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Extra Dimensions

e Solves the Naturalness Problem: The effective GUT scale is moved closer.

Theoretical issues

How many dimensions?

Which interactions (other than gravity) extend into the extra dimensions?

AT what scale does gravity become a strong interaction?

What happens above that scale?

Randall-Sundrum model:
warped extra dimensions

two parameters:

» mass scale « first KK mode;

» width « 5D curvature / effective 4D Planck scale.

LHC discovery - Detailed study at a muon collider

Estia Eichten

possible KK modes

o (fb)

100 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
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Summary

e A multiTeV lepton collider is required for full coverage of Terascale physics.

e The physics potential for a muon collider at /s ~ 3 TeV and integrated luminosity
of 1 ab? is outstanding. Particularly strong case for SUSY and new strong
dynamics.

e Narrow s-channel states played an important role in past lepton colliders. If
such states exist in the multi-TeV region, they will play a similar role in precision
studies for new physics. Sets the minimum luminosity scale.

e A staged Muon Collider can provide a Neutrino Factory to fully disentangle
neutrino physics.

e A detailed study of physics case for 1.5-4.0 TeV muon collider has begun. Goals:

- TIdentify benchmark processes: pair production (slepton; new fermion), Z' pole studies,
hO plus missing energy, resolving nearby states (H°-A% p +-w%), ...

- Dependence on initial beam [electron/muon, polarization and beam energy spread] as
well as luminosity to be considered.

- Estimates of collision point environment and detector parameters needed.

- Must present a compelling case even after ten years of running at the LHC.

http://www.fnal.gov/directorate/Longrange/Steering Public/workshop-muoncollider.html
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me= LHC - Discovery of the SM Higgs

D .
L, 50 discovery
& - 95% CL exclusion
] \
E
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Q !
2. !
X
v '.
| - I 4
() . ~ .
o : .
ey i
S 5
.E _L::ﬂ- - -’
£ g
= g
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Y :
- .
100 200 300 400 500 700 1000
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- e Constraints on Standard Model Higgs

800
|||||||||||||||:
e Theoretical Constraints: .
__ 600 m, = 175 GeV = —
- The standard model with an elementary > ]

. . . o as(Mz) = O 1 18 —
Higgs scalar is only self-consistent up to O, _
some maximum energy scale (/). zm 400 = i

- Upper bound - A large Higgs mass requires B _
a large higgs self-coupling term. This =00 [ —
coupling increases with the scale A until _/II_EP =
: O—""l"l"l"l_
perturbative theory breaks down. 203 106 102 1012 1015 1018
- Lower bound - For small Higgs mass, the A [GeV]
uantum corrections can lead to vacuu
9 m m Lower bounds for Planck chimney
instability. 0 _
- Planck Chimney: SM self-consistent to i V /
Planck scale (* 10 GeV) =17 RS NI :
8 | ;
£ 170 :/\ Stable |
teslae? L L !
110 120 130 140 150
My, [GeV]
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# Two Higgs Doublets (MSSM)

- decay amplitudes depend on two parameters: 300 T
d
,LL+ILL_, bB t% ZZ7 W+W_ ZAO 300 /Xt .: vois ‘ ]
hY  —sina/cosf cosa/sinf  sin(B—a) cos(fB— a)
H° cosa/cosf sina/sinf cos(8—a) —sin(3— a) "
A’ —ivstan3  —ivs/tan 3 0 0 100
M3 + M3
) o tan 20 = e tan 2. 100
- decoupling limit ma® >> mz°: A=Yz
* hO couplings close to SM values L
50 100 150 200 300 500
 HO, H* and A nearly degenerate in mass My [GeV]
* HP small couplings to VV, large couplings to ZA° |

* For large tan B, H° and A° couplings to charged leptons and bottom |
quarks enhanced by tan 3. Couplings to top quarks suppressed by '}
1/tanB factor. :

0.01

- good energy resolution is needed for H° and A° studies:

0.001 1 1 1 5 ]
50 100 150 200 300 500

. for s-channel production of H®: /M = 1% at tan B = 20. | My [GeV]

*  nearby in mass need good energy resolution to separate H and A.

. can use bremsstrahlung tail to see states using bb decay mode.

N
e
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e Good energy resolution is needed for H° and A° studies:

- for s-channel production of H®: /M = 1% at tanf = 20.
- nearby in mass need good energy resolution to separate H and A
- can use bremsstrahlung tail to see states using bb decay mode

H and A Total Width Contours
Mie = 175 GeV, Mg = 1 TeV

r, (GeV) M, (GeV)

! 1 | I -7 I \ ; I I \
0 200 400 600 0 200 400 600

m, (GeV) m, (GeV)
Figure 20: Contours of H? and A total widths (in GeV) in the (m 40, tan 3)
parameter space. We have taken m; = 175 GeV and included two-

loop/RGE-improved radiative corrections using my =1 TeV and neglecting

squark mixing. SUSY decay channels are assumed to be absent.

N
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e Multi-TeV Muon Collider Basics

R at /s = 3 TeV
[J For /s> 500 GeV 0(0ed) O(0)

— Above SM pair production thresholds: N
- ~(20° cut) = 100 100.0
R=0/0 ‘u->e+e-) flat o
QED (IJ IJ ) W+W— — 19.8 50.0
Luminosity Requirements o= 377
Zny = 3.32 10.0 -
s F N tt = 18 e L
g 10°E \ bb = 1.28
5 F _ tem = 113 tor
& T 1 ab™* o <
o N\ Z7Z = 0.75 o®
F \ T Zh(120) = 0.124
103; \w \ ].O()Lu_l B . Ol vl
E \ —— 1 =2 3 4 5
B 100 1 1 . \/SIM_‘_ (TeV)
107 LO-b (one unit of R)
- T P - (+—_>€+€—)_47TO‘2_ 86.8 fb
0 1 2 3 4 5 e QED\MU U 3 S(Tev2)
For example:  +/s = 3.0 TeV = 965 events/unit of R
£ — 10% em—2sec—! Processes with R > 0.1 can be studied

— 100 fb_lyear_1 Total - 128 K SM events per year

N
(0p
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New Fermions and Gauge Bosons

Present CDF/DO bounds on W', Z', and new quarks
effectively rule out production at ILC.

Quark: (W,Z,h) + jet 335
Z' (SM) 1071
W’ (SM) 860

Littlest Higgs Model:

charge (2/3) quark T (EW singlet),
new W, Z, and A gauge bosons, Higgs triplet

At the LHC, T observable for m(T) < 2.5 TeV
For W, Z, and A dependent on mixing parameters

- Muon collider will allow detailed study.
Requires high luminosity 1 ab® for T

Estia Eichten

Events/20 GeV/100 fb™

-
o
N

coto

ATLAS study LHC [hep-ph/0402037]

‘ 1T .HH‘

M e, T T T

I ! I ! [ !
W,, cot=0.2
----- W,, cot6=0.5
44—  Drell-Yan
‘ = top

Ei

L1l

1500 2000 2500

Z,~ee 5 o reach for 300 fb!
| T
1 | 1 1 1 ‘ 1 1 1 | 1 ]
2000 4000 6000

m(Z,) (GeV)
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Supersymmetry
e Supersymmetry
Qsusy |boson> = [fermion>: gluon -> gluino ,... ; W boson -> wiho; higgs -> higgino, ...
Qsusy |fermion>=|boson>: top quark -> top squark (L R), ...; electron -> selectron(L R), ...
* spin 1/2 symmetry charges {Qsusy, Qsusy} = 2 YMPu;  Quusy Hlstate> = H Quusy I state>
- supersymmetry dictates the couplings between particles and spar‘rlcles
- supersymmetry is broken  Msparticle # Mparticle 5;_ L Tgsm G
40 ; é
e Solves the hierarchy and GUT unification problems I ¢ =
20f- =
e Theoretical issues after discovery at the LHC : s T e
e E1031 106 109 1012 1015
- What is the spectrum of superpartner masses? il
. | Names | spin0 | spin1/2 [SU(3), SU(2)L, U(1), |
- Dar'k matter CG”d'dGTeS? squarks, quarks | @ | (dr,dy) (up, dy) 3, 2, 1/3
A ” h l 5 (x 3 families) a uL(uR) ar, ~ (ur)© 3, 1, -4/3
- re all the couplings correct: i adn) |~ (dr)e 31 23
- What is the structure of flavor mixing interactions? 9t bions | £ (gj’ég) éi”i%’(‘;))c P
- Are there additional CP violating interactions? higgs, higgsinos | Hy | (H,\ Hy) | (H, Hy) L2 1
Hd (H((i)ng) (Hc(i)vH(;) 1 2, 1

Is R parity violated?

Table 1: Chiral supermultiplet fields in the MSSM.

What is the mass scale at which SUSY is r'esTor'ed?|

What is the mechanism of SUSY breaking?

Names | spin 1/2 | spin1 | SU(3)., SU(2), U(1), |
gluinos, gluons g g 8 1, 0
winos, W bosons | W=, W° | W=*, wo 1, 3, 0
bino, B boson B B 1, 1, O

Table 2: Gauge supermultiplet fields in the MSSM.

28
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[J Many studies of constraints on cMSSM

cMSSM

- Present experimental constraints

- Allowed regions are narrow filaments in
parameter space

- Theoretical fine tuning

Direct limit (LEP, CDF, Dzero):
Electroweak precision observables (EWPO):
B physics observables (BPO):
Cold dark matter (CDM):

Qpy = .23+ .04

MhO > 113.8 = lal"ge msfop

requires large cancellations in the Higgs potential

= fine tuning (to a few %)

tree

M}, = m%cos®(28) +

[
Estia Eichten

Mpo, My +, Mg, ...
2 s 2
My, sin” Ogy, (g —

Monte Carlo searches of parameter space

J. Ellis, S. Heinemeyer, K.A. Olive, A M. Weber, 6. Wieglein

N, .

[arXiv:0706.0652] ;
D. Feldman, Zuowei Lui and Pran Nath,
PRL 99, 251802 (07); [arXiv:0802.4085] ; ...

b— s+, BR(B; = pu7), ... =

m, (Tev)

3
oooooooooooooo

0.5 1 15

my (TeV)

oooooooooooooo

1-loop
3
- sin? g y? lm? In (mg, mg, /mi) + c%s?(mi - mtgl) ln(mtg2 /m%l)
1
2 )P = g, = md o, fm2 ) |

0.5 1 15

N
«©
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# cMSSM, mGMSB, mAMSB Studies

O More generally, full coverage likely requires a multi TeV lepton collider

S. Heinemeyer, X. Miao, S. Su, G. Wieglein [arXiv:0805.2359]
(using only EWPO, BPO and LEP)

Second lightest neutralino

Second lightest neutralino:

m(%) < 900 GeV for AX2 < 4
Heavy for LHC - possibly in decay chain ?

Lepton collider:

Xs — X1+ X

cmssm | ]

mGMSB | 1

mAMSB | 1

all EzE | ] 4 all [ | all [ | ]
r A A [ L A |
X A, T | A, T | | [ A, IHHIN | |
2 A, EEIEE | 7] 2 A, EEEED | 7] 2r- A, EEEIE (]
ol Lol vl o bl w1 oy AR I AN AN BTN I I oY R I AN AN RN PR AR B
0 200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400

mo [GeV]

Mo [GeV]

mz [GeV]

Lightest chargino:

m(Xi*) < 800, 900, 300 GeV for AX? < 4
Heavy for LHC - possibly in decay chain ?
Lepton collider: Observable at ILC for mAMSB

Lightest chargino

Lightest stop, sbottom and gluino:

m(t;) > 500 for AX? < 4 2 \ 4 Tt

4 <3 -
all | ] o L
A, EEIEE | Lo

Edsy for LHC up to 2 TeV 4 cmssm | ] b I o mGMSB mAMSE |
. . L all mmm | L all mEEm | ]
Lepton collider: Detailed study? 't s=(1 5= | ]
L A, EEEE | 4 L A, EEEE | 4 L A, EEE | 4
s \Em ] 2p mmm | 2f r, ||
0(;‘ ‘ ‘2(‘)0‘ ‘ ‘480‘ ‘ ‘6(‘)0‘ ‘ ‘8(‘)0‘ ‘ ‘10‘06 ‘ ;2‘06 ‘ %4‘0(‘17 00" ‘ ‘2(‘)0‘ ‘ ‘480‘ ‘ ‘6(‘)0‘ ‘ ‘8(‘)0‘ ‘ ‘10‘06 ‘ ;2‘06 ‘ %4‘067 0(;‘ ‘280‘ ‘ ‘4(‘)0‘ ‘ ‘6‘00‘ ‘ ‘B(‘lo‘ ‘ ;0‘06 ‘ %2‘0(‘) ‘ ‘14‘067
mii [GeV] mii [GeV] mi,‘ [GeV]
I 30
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¢ ,U f —ejep — X1xp€e €

- Angular cut at 20° from beam direction:

+ 50% reduction for smuon pairs
+ 20% reduction for selectron pairs

- Mass measurements using edge method

~0~0 _+

better for MC than CLIC:

Emax/min — 5

Kong, Winter (MC)

100 masay

éRH)Z?—I—B

= =
2 9
(Y] —

do(u*u -XiX1e e7)/dE, (fb/GeV)
o
|
w
T

-
9
IS

1 5 10

50 100

500 1000

200 F 77T

Example Process at Muon Collider

100 ——————

whn - lelig XXk

\forward or backward dead cone

CLIC report (2004)

0 = 212; me, = 222; me, =374 GeV  mgo =660 GeV; my, = 1150 GeV

175
150
125
100
75
50

25 [

rrrrTTTrTTTT T T T T T T T T T T T T T T T T T 005

0.04

0.03

do/dE,(unit normalization)

0 i3

Eqy (TeV)

Effect of beamstrahlung

Datta, Kong and Matchev
[arXiv:hep-ph/0508161]

0.02

0.01

T T T T
efe opuiprou Yy,
UED, R™! = 500 GeV ]
CLIC3000

— ISR+Peskin N
— ISR+Chen

ali {~\

ISR, no BST 1

- no ISR, no BST

0.00 -
0

E : i GeVi p, (GeV)

Estia Eichten

100 200 300 400 500 600 700 800 900 1000 R0 40 60 80 100
E, (GeV)
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Goals of Neutrino Program

e Basic goals
Unitarity Triangle:

(a) Determine Dirac or Majorana nature of neutrinos.
(b) Determine the mass hierarchy. UimUer +UppUen + UpisUes = 0 L
(c) Measure 03, d and improve 0:2, 623 measurements
(d) Study unitarity of PMNS matrix.

(e) Are there additional mixing or CPV from new

cosd =1/2

UallUm| ~1/6

Ueo||Up2
particles or interactions? | %”1/6‘
e Why is this important? T S
‘UE;;HUN3| = sinf13/v/2
(a) Neutrino masses are very small. Theoretical models
|J| =2 x Area

for these masses predict new particles at the Terascale
or a new scale beyond.

(b) Potential source of lepton number violation and CP
violation. Leptogenesis might be responsible the
observed baryon asymmetry in the universe.

(c) Contributions to dark matter and cosmological
evolution.

(d) Complimentary to energy frontier physics (LHC)

_ 2 o
J = 512€12523C23513C73 sin §

e Why a Neutrino Factory?

(a) Large sin%(20;3) (> 0.005) - can explore new physics as subleading effects.
(b) Small sin?(20,3) - provides unmatched sensitivity.

w
N
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Non-Standard Neutrino Interactions

e A plethora of theoretical models:

Model Interaction

Uy Uy
x X
1
1
1
1
.

New Particles

H,
(1-2-3) Seesaw 1

i
VR

VR, Majoron

s
(1-2-3) Seesaw II IAO heavy higgs triplet
v "
L-R Seesaw Both types new gauge bosons
SU(3)xSU(2)xSu(2)xu(1)
by bg
\ i, f A i, \7
SUSY models P b ”;Z SUSY partners
I R \:.\“(‘: L
azA; - g/ 1 % b, b azA; - g/n

Ht.-T~o g+
/ ++\
Babu model L

VL lLlR ZRZL VL

charged SU(2)
singlet scalars

Texture models, ...

Comments

Very light majoron
dark matter
candidate

No majoron
B-L
Terascale physics

Calculable in terms of
Smasses and Smixings.

R parity violating

H** scalar

Estia Eichten
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